The circuitry of the brain is characterized by cell heterogeneity, sprawling cellular anatomy, and astonishingly complex patterns of connectivity. Determining how complex neural circuits control behavior is a major challenge that is often approached using surgical, chemical, or transgenic approaches to ablate neurons. However, all these approaches suffer from a lack of precise spatial and temporal control. This drawback would be overcome if cellular ablation could be controlled with light. Cells are naturally and cleanly ablated through apoptosis due to the terminal activation of caspases. Here, we describe the engineering of a light-activated human caspase-3 (Caspase-LOV) by exploiting its natural spring-loaded activation mechanism through rational insertion of the light-sensitive LOV2 domain that expands upon illumination. We apply the light-activated caspase (Caspase-LOV) to study neurodegeneration in larval and adult Drosophila. Using the tissue-specific expression system (UAS)-GAL4, we express Caspase-LOV specifically in three neuronal cell types: retinal, sensory, and motor neurons. Illumination of whole flies or specific tissues containing Caspase-LOV-induced cell death and allowed us to follow the time course and sequence of neurodegenerative events. For example, we find that global synchronous activation of caspase-3 drives degeneration with a different time-course and extent in sensory versus motor neurons. We believe the Caspase-LOV tool we engineered will have many other uses for neurobiologists and others for specific temporal and spatial ablation of cells in complex organisms.
protein engineering | optogenetics | Drosophila | apoptosis | neurodegeneration C lassical surgical ablation of neuronal tissues has had a major impact on our understanding of the brain in vertebrate animals. More precise surgical methods have been developed using laser ablation (1, 2) but are still invasive and produce collateral damage. Important progress has been made with chemo-optic approaches as induction of Mito-KillerRed or miniSOG with light activation of reactive oxygen species (3, 4) , but these can induce collateral damage and/or complex forms of cell death induced through free-radical generation (5) . By contrast, direct activation of caspases, the proteases that cleave thousands of proteins in their execution of apoptosis (for recent review, see ref. 6 ) prevents alternative pathway activations and leads to a natural form of cell death in metazoans without undesirable inflammatory reactions (7) . Recently, it has been possible to induce selective cell death in small groups of neurons in Cre mice by adenoviral injection of a Cre-conditional, TEV-sensitive procaspase-3 transgene into the brain region of interest (8) . However, injecting a virus is invasive and limits the approach to vertebrates. Additionally, inducing apoptosis by transgene expression lacks precise temporal control due to the transcriptional requirement of the system.
Here, we describe the engineering of a light-activated procaspase-3, Caspase-LOV, that can be expressed under tissuespecific promoters and precisely induce apoptosis under light control. We apply this genetically encoded tool for spatial and temporal activation of caspase-3 with light in Drosophila larvae and adult animals. In addition to cellular ablation, Caspase-LOV allows us to explore the effect of caspase activation in different cell types and in different cellular compartments. We selectively induce caspase activity in retinal, motor, and sensory neurons in Drosophila and demonstrate phenotypic consequences for each cell type. Optogenetic approaches have been extremely powerful means to rapidly activate specific cellular processes (9) (10) (11) (12) , and we believe Caspase-LOV may be broadly useful for specific cellular ablation and in increasing our understanding of the roles of caspases in a variety of organisms.
Results
Design and Characterization of Light-Activated Caspase-3 in Vitro.
We began by examining the activation mechanism of the wildtype human pro-caspase-3. Pro-caspase-3 is a constitutive dimer activated by proteolysis at Asp174 between the large and small subunit, typically by an initiator caspase or through autoactivation ( Fig. 1A ; for review, see ref. 13 ). Crystal structures comparing the proenzyme and mature enzyme (14) (15) (16) (17) and mutational studies expanding the intersubunit linker (18) suggest a spring-loaded mechanism where cutting the intersubunit linker releases strain and allows the enzyme to reorganize into the active conformation (19) . To test the degree to which expansion of the intersubunit linker would activate pro-caspase-3, we inserted noncleavable, flexible linkers of 30 and 50 residues (Methods and Fig. 1B ). Kinetic analysis of these modified versions of caspase-3, containing 0, 30, or 50 amino acid extensions,
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We have engineered a light-activated caspase (Caspase-LOV) to better understand the roles of caspases in cells and to create a tool that would kill cells with temporal and spatial selectivity. This modified caspase is created based on the endogenous mechanism of caspase activation by adding a light-sensitive protein domain (LOV2) from oats into the intersubunit linker of the caspase. We tested variations of the Caspase-LOV construct in vitro and in Drosophila and found that it will kill many types of cells with light specificity. We were also able to use the Caspase-LOV to determine the time course of degeneration in two different neuronal cell types after caspase activation.
showed systematic and dramatic increases in activity with linker length extension (Fig. 1C) . The caspase missing the cleavage site and no amino acid extension had no detectable activity, while adding 30 and 50 amino acid residue extensions increased the catalytic efficiency to 1.6 and 3.8 (μM
), respectively. These results further support the spring-loaded mechanism for caspase activation and suggested a strategy that could be exploited to generate a light-activated caspase.
The LOV2 (Light-Oxygen-Voltage-sensing) protein domain from Avena sativa (20, 21) is light sensitive and has been used extensively as an optogenetic protein modifier (22) (23) (24) . When LOV2 is exposed to blue light, a Cys450 in its core domain binds the flavin mononucleotide (FMN) cofactor, causing the C-terminal Jα helix to undock and assume a flexible conformation (25) (26) (27) (28) (29) . We hypothesized it may be possible to insert the LOV2 into the intersubunit linker of the procaspase so that in the dark the enzyme would be constrained, but in the light, the intersubunit linker would expand and allow the active site to fold into the active conformation ( Fig. 2 A and B) .
We considered several design criteria for inserting the LOV2 domain into the intersubunit linker including: (i) insertion of the LOV2 needs to be structurally compatible with the proform in the dark state and compatible with the active form in the light state, (ii) the insertion should keep the intersubunit linker conformationally restrained in the dark state to reduce activity, and (iii) the light-extended state should avoid blocking the access to the active site once activated. We used modeling tools, including the Rosetta software suite (30, 31) , to assist in developing initial designs (Fig. 2) .
We optimized the placement of LOV in relation to caspase-3 by manually orienting it, then using cluster analysis in Rosetta to select six starting point models (three for the pro-caspase-3 with dark LOV2 and three for the active caspase-3 with light LOV2) (Methods). To predict the optimal linker length for inserting the LOV2 domain within the intersubunit linker, we modeled linker connections between light LOV2 and the active caspase-3 and dark LOV2 and the pro-caspase-3. For the procaspase/dark LOV2 version, we split the intersubunit linker at the cleavage site and kept the Jα helix of the LOV2 rigid. We then added different numbers of alanine residues between the intersubunit linker and the LOV2 domain to form connections between them, N-and C-terminally (sample models Fig. 2 C and  D) . The linker connections for the active caspase versions were modeled identically except we allowed the Jα helix to extend in random conformations that would mimic the flexibility of the LOV2 domain in the light state. We ran 100 simulations per alanine linker length addition for each of the six starting structures to attempt linker connections between the caspase and LOV2 for both the light and dark states. For each linker length, we then quantified the number of successful connections across the three relaxed starting structures ( Fig. 2 E and F) . We assume that a linker that has many successful connections will be the most likely to form a functional protein when expressed. Additionally, we looked at the minimum Rosetta energies for each of the linkers to estimate which would be the most likely to fold properly. We preferred the shortest possible compatible linker to reduce flexibility between the caspase and the LOV when the protein is in the dark to keep the caspase in the inactive (zymogen) state. Based on these considerations, the Rosetta modeling results predicted that adding 5 to 12 residues to the N-terminal side (N5 to N12) and deleting up to seven residues of the caspase-3 intersubunit linker from the C-terminal side (C0 to C-7) should lead to successful fusions, with the N7/C-7 combination as the likely most optimal candidate.
We expressed the N7/C-7 Caspase-LOV protein in Escherichia coli (with two mutations in the LOV2 domain, G528A and N538E, to increase the dark stability; ref. 25) . We were encouraged that the protein was intact, and expression levels were near those we found for wild-type caspase-3. We purified the enzyme and assayed it with the fluorogenic DEVD-afc substrate in the light (after 10 min of LED exposure) and found it to have comparable activity to wild-type caspase-3, and a two-to threefold lower activity when assayed in the dark (after 30-min incubation under foil) (Fig. 3A ). Additionally, we tested the kinetics of the N7/C-7 Caspase-LOV to cleave the caspase substrate PARP from Jurkat cell lysate and found that it did cleave the substrate faster in the light than the dark although not as fast as active caspase-3 (SI Appendix, Fig. S1 ).
To determine if the light-to-dark difference of the Caspase-LOV was due to activation of the LOV2 domain, we introduced the C450A mutation into the N7/C-7 enzyme which prevents LOV activation by locking it into the dark conformation (32) . As expected, the LOV-inactive enzyme showed virtually no difference in activity in the light or dark (Fig. 3A) . Interestingly, it showed threefold lower basal activity compared with the dark condition for N7/C-7 Caspase-LOV, suggesting that N7/C-7 Caspase-LOV was partially active in the dark condition during the assay. Additionally, an inhibitor active-site labeling assay showed reduced active site labeling for the dark condition compared with the light, but still more than the C450A darklocked Caspase-LOV (SI Appendix, Fig. S2 ).
To understand the kinetics of the light-to-dark transition for N7/C-7 Caspase-LOV, we took advantage of the absorbance changes of LOV2. LOV2's flavin mononucleotide chromophore has an absorbance peak at 450 nm in the dark that is extinguished in the light state. We found the enzyme rapidly folded into the dark state with a half-life of about 42 s, about the same rate as reported for the isolated LOV2 domain (28) (Fig. 3B) . Thus, the N7/C-7 Caspase-LOV insertion does not appear to impede the ability of the LOV2 domain to undergo the lightinduced transition. We also tested the kinetics of the Caspase-LOV in different light cycling states by exposing it to light, then letting it recover in the dark, then exposing it to light again. We have found that the Caspase-LOV has a comparable activity after light-dark-light cycling as light alone and a 30-min incubation in the dark after light exposure does reduce its catalytic activity to a level comparable to dark alone (SI Appendix, Fig.  S3 ). These data support that the light-dark state changes are reversible.
To further test the effect the LOV2 location has on the lightdark Caspase-LOV kinetics, we generated a panel of nine linker variants by systematically adding and subtracting amino acids from each side linker (N-5/C-7, N-2/C-7, N0/C-9, N7/C-9, N5/C-7, N7/C-7, N9/C-7, N7/C-2, and N12/C-7) (Fig. 3C) . All of the Caspase-LOV variants had greater k cat /K M in the light than the dark except the N-5/C-7 variant, which was completely inactive ( Fig. 3D and SI Appendix, Fig. S4 ). (It is likely the N-5/C-7 variant was inactive due to the removal of the five amino acids before the cleavage site of caspase-3.) We then calculated the light-to-dark ratio for each variant to determine which had the greatest dynamic range ( Fig. 3 E and F) . We found that the ratios were roughly the same for the variants when the N-terminal connection was varied from −5 to +12 and C-terminal extension fixed at −7 (Fig. 3E) . In contrast, the ratio increased when the C-terminal linker was increased and the N-terminal linker insertion was kept at +7 (Fig. 3F ). This suggests that changing the C-terminal linker has a greater impact on the dark state of the caspase than varying the N-terminal linker. To test if the location of the LOV2 within the caspase impacted the light-to-dark transition rates, we tested several of these variants and found that the transition half-life was about the same (t 1/2 = 42-45 s) (Fig. 3G) .
Caspase-LOV Causes Light-Dependent Degeneration in Adult Drosophila
Retinas. Having demonstrated clear light activation of caspase-3 activity in vitro, we then explored its impact when expressed in specific neuronal tissues in Drosophila melanogaster. We exploited the GAL4/UAS expression system for tissue-specific gene expression in Drosophila (33) . The UAS > N7/C-7 Caspase-LOV was transformed into the Drosophila genome and combined with cell type-specific expression of GAL4 according to standard methods. We used this system to test the Caspase-LOV in a variety of neuronal cell types including: retinal cells (GMR-GAL4), motor neurons (OK371-GAL4), individual motor neurons (MN1-GAL4), and dendritic arborizing sensory neurons (PPK-GAL4) (Fig. 4A) .
We first expressed UAS > N7/C-7 Caspase-LOV using the GMR-GAL4 driver in retinal cells because retinal degeneration leads to obvious morphological changes (34) . We raised animals in the light or dark from the embryo stage and then evaluated them once they eclosed to adults (Fig. 4B) . The adult animals that were raised in the light have a very strong degenerative eye phenotype on the first day of eclosion compared with the animals raised in the dark (Fig. 4 C and D) . This effect is due to light activation of Caspase-LOV and not light-raising alone as there was no defect in the light-raised animals that expressed the GMR-GAL4 driver without UAS > Caspase-LOV (Fig. 4E ).
To determine whether this degeneration extends through the neurons, we cryosectioned 1-d-old adult heads and stained them for a retinal marker (anti-chaoptin) as well as a cell surface marker (anti-dlg) and a nuclear marker (DAPI). We found that the light-raised flies expressing N7/C-7 Caspase-LOV had lost all of the chaoptin-marked photoreceptor cells in the brain (Fig.  4F) , while the dark-raised flies retained a layer of chaoptinpositive cells (Fig. 4G) . Dark-raised flies had fewer chaoptin positive cells than the control flies (Fig. 4H) , suggesting some amount of Caspase-LOV activity in the dark.
Motor Neurons. To test Caspase-LOV in other neuronal systems, we expressed it with the motor neuron-specific driver OK371-GAL4. We raised animals in the dark and then divided adult animals, after eclosion, into either light-exposed or dark (foilwrapped) vials (Fig. 4B) . Caspase-LOV-expressing flies that were kept in the light had a much lower survival rate than flies kept in the dark (Fig. 5A) . The median survival of the N7/C-7 Caspase-LOV flies kept in the light was 8 d, while those kept in the dark had a median survival of 54. Fig. S5A ). The Caspase-LOV-expressing flies became paralyzed before dying, suggesting a strong defect in motor function. We tested two different Caspase-LOV variants using this system: the N7/C-7 variant and the N7/C-2 variant, which had a higher light-to-dark activation in vitro than N7/C-7. The N7/C-2 Caspase-LOV showed a more dramatic effect in the rate of death in vivo with a median survival in the light of 4 d and in the dark of 20 d. (Fig. 5A) . Both of these conditions are significantly faster than the N7/C-7, although it is unclear why the N7/C-2 rate in the dark would be faster from the in vitro data and suggests that the in vitro results cannot entirely predict the effects in vivo. Additionally, these two fly lines were made using a random genomic p-element insertion method. To confirm that the difference in survival rate was not from the genomic loci insertion and to expand the comparison of in vitro to in vivo variants, we made new fly lines using a site-specific integrase mediated repeated targeting (SIRT) strategy (35, 36) . We compared the survival in the light and the dark of SIRT-inserted N7/ C-7, N5/C-7, and N7/C-2 Caspase-LOV variants. We found that the SIRT-inserted N7/C-2 still died significantly faster than the N7/C-7 (median light survival of 10 d and >40 d, respectively), confirming our p-element insertion survival results were due to variant differences, rather than genomic loci differences. We did find the effects in vivo roughly reflected the degree of dark-to-light activation seen in vitro with the N7/C-2 variant being the strongest (SI Appendix, Fig. S5C ). Interestingly, the maximum k cat values of each variant (SI Appendix, Fig. S4A ) correlated better to the degree of phenotypic effects than the maximum catalytic efficiency. Since the animals with the SIRT insertions had only five copies of UAS rather than the 10 copies of UAS from the p-element insertion, the SIRT animals had a lower level of the Caspase-LOV expression. Thus, for the rest of the experiments, we used only the 10× UAS p-element versions of N7/C-7 and N7/C-2.
As a more sensitive phenotypic assay for early effects of the Caspase-LOV activation in motor neurons, we measured motor behavioral defects. To quantify the rate of degeneration of the motor neurons for the different groups, 10 flies were placed in a vial and we counted the number of flies that could climb 3 cm up the vial in 90 s. After 3 d in the light, about 50% of the flies containing the N7/C-7 Caspase-LOV variant were able to climb 3 cm in 90 s compared with 90% in the dark (Fig. 5B) . The stronger N7/C-2 Caspase-LOV showed a more pronounced effect; in the light, by 20 h, only 50% were able to climb compared with 95% in the dark (Fig. 5C ).
Evidence Caspase-LOV Activity Can Be Halted in Vivo. As shown in the in vitro tests, the Caspase-LOV is reversible and will turn off within minutes in the dark after exposure to light (Fig. 3B) . We wanted to test if neurons could recover after varying the amount of caspase activation using the Caspase-LOV. We expressed N7/ C-7 Caspase-LOV (since these flies died less quickly than the N7/C-2 flies and we were more likely to see an effect over a longer time scale) in the motor neurons and found that the survival of the flies mirrored the amount of light they were exposed to; flies with 1 d of light exposure and then put into the dark did nearly as well as flies kept in the dark for the first 18 d of their life (Fig. 6A) . Flies with 2 or 3 d of light exposure and then kept in constant darkness had an improvement in survival compared with flies that were kept in the light constantly. With more than 3 d of light exposure, the effect appeared irreversible.
When we look at the motor behavior of the flies exposed to light for 2 or 3 d, we see a plateau where degeneration stops 1 to 2 d after being put into the dark (Fig. 6B) . At an individual level, some of the flies actually improved their motor function in this time period, which was never seen in flies constantly exposed to light. (Fig. 7A) . The rescue by p35 confirms that the cell death phenotypes are due to the specific activity of the caspase. Overexpressing Diap1 had a small but significant increase in survival rates that were most pronounced in the dark (Fig. 7B ). Diap1 may have had a weaker effect because it is not an irreversible caspase inhibitor and Diap1 is subject to caspasecleavage-mediated degradation as well as full-length ubiquitinproteasome-dependent degradation (38, 39) . In the dark, we expect the Diap1 will be more able to inhibit any active Caspase-LOV because the Diap1 will be less likely to be cleaved and degraded by the smaller amount of active Caspase-LOV.
Caspase-LOV Activity
Once activated, executioner caspases are able to cleave and activate other executioner caspases in a feed-forward process. We were curious if Caspase-LOV activated endogenous fly caspases and cause the phenotypic effects we see. To explore this possibility, we expressed the UAS > Caspase-LOV in motor neurons with UAS > dronc-RNAi (initiator caspase) or UAS > dcp1-RNAi (executioner caspase and the fly homolog for caspase-3). Both transgenes have been validated in other systems (40, 41) . We found that a reduction in either Dcp1 or Dronc had no effect on light-activated Caspase-LOV-induced degeneration (Fig. 7 C  and D) .
Neurodegeneration can occur during injury, development, or disease. It is thought that injury has a more distinct pathway for neurite removal compared with either development or disease, which have similar mechanisms. Wallerian degeneration is caused when an axon is severed from the cell body and the distal fragment is removed. This process has been thought to involve a pathway distinct from the caspase pathway (42, 43) . To test this, we activated Caspase-LOV in animals expressing a protein fusion (Wlds) that significantly slows Wallerian degeneration in flies and mammals (44) (45) (46) . We found flies with Wlds are not protected from Caspase-LOV-induced degeneration, which is consistent with the previous findings that Wallerian degeneration is not executed by proteins in the apoptotic pathway (Fig. 7E) . Thus, the Caspase-LOV acts independent of the Wlds cellular machinery.
The Synchronous Activation of Caspase-LOV Allows Time-Course Measurements of Degeneration Across All Cellular Compartments in
Motor and Sensory Neurons. With the Caspase-LOV, we can activate caspases synchronously throughout the entire neuron. Previously, this has not been possible because caspases are expressed in an inactive state in overexpression systems, and the time and location of their activation cannot be controlled. With light activation, this is not a problem. We first tested the precise time of onset of neuronal cell death and damage following synchronous caspase activation in all compartments of motor neurons. We expressed N7/C-2 Caspase-LOV and a membranetethered GFP (UAS > CD8-GFP) to visualize the neuronal plasma membrane in a subset of motor neurons using the MN1-GAL4 driver. This driver selectively expresses in segmentally repeated pairs of motor neurons, allowing visualization of the individual dendritic tree, axon, and nerve terminal. For these experiments, eggs were laid in the dark and larva were moved to an agar-based apple juice plate for different amounts of timed light exposure pre-third instar stage. Larvae began to show signs of degeneration and apoptosis after 12-14 h of light exposure, which became more severe following 24 h of light ( Fig. 8 A and  B) . Degeneration of axons, dendrites, and apoptosis of the cell body was quantified with a scoring system, blind to genotype and light treatment. There was not a substantive difference in the rates of degeneration among the axon, dendrite, or cell body (Fig. 8C) . However, the neuromuscular synapse persists even at time points when severe dendritic degeneration is observed (Fig.  8D ). To verify that this effect was not caused by a lack of Caspase-LOV at the synapse, we stained a cherry tagged version of the Caspase-LOV in larvae and found protein throughout the neurons including the synapse (SI Appendix, Fig. S6) .
To see if the timing of degeneration and the rate of loss between compartments was consistent across neuronal cell types, we examined larvae expressing N7/C-2 Caspase-LOV in class IV dendritic arborizing (da) sensory neurons, using the PPK-GAL4 driver. Light exposure also induces degeneration in da neurons, but degeneration onset occurred more than 6 h earlier than in motor neurons and the rate of degeneration was much faster across all compartments (Fig. 9A) . Blebbing of the dendrites and axons was observed 4-6 h after illumination. By 8 h, most of the neurites were significantly fragmented, severed, or absent. By 10 h, most of the neurites had been cleared, and by 12 h, all of the neurites were cleared. To quantify the rate of degeneration, we traced the dendrites of individual neurons to track their clearance (Methods and Fig. 9C ). This is a striking difference, but we cannot rule out that this is due to potentially different strengths of the GAL4 drivers leading to higher Caspase-LOV expression. In contrast to the motor neurons, the synapses of the sensory neurons degenerated at roughly the same rate as the dendrites and axons (Fig. 9B) .
Discussion
Rational Design of a Light-Activated Caspase. Our primary goal was to create a light-activated caspase (Caspase-LOV) especially for use in small model systems like Drosophila. We deliberately chose human caspase-3 because we had the most knowledge of its active and inactive structure, and human caspase-3 is likely to be effective in multiple organisms including human cells, rodents, and Drosophila. Although we cannot be sure the Caspase-LOV cleaves the same endogenous substrates, the specificities of the human and Drosophila caspases are very similar, and many of the substrates are conserved in apoptosis (47, 48) . Additionally, the Caspase-LOV is small enough to be virally transduced in mammals and cell culture.
In designing the light-activated caspase-3, we focused on exploiting the natural zymogen activation mechanism. Our linker insertion experiments in a noncleavable form of pro-caspase-3 support previous studies (18) that activation occurs by releasing tension in the intersubunit linker, allowing it to fold into the active form. The LOV2 domain seemed an ideal candidate to mimic this activation since it is known to expand upon illumination; however, positioning this domain into the intersubunit linker was not obvious. The Rosetta design simulations we performed helped to triage a number of constructs to focus on the successful N7/C-7 linker insertion and variants thereof.
The in vitro tests showed a modest two-to fourfold activation in the light compared with the dark for most of our Caspase-LOV variants, and the catalytic efficiency in the light-activated state was virtually the same as that of the mature caspase-3. Most of the light-activation effect was seen as a gain in the k cat rather than a change in the K M , demonstrating that the light-sensitive conformational changes allowed the caspase to cleave the substrate more efficiently, rather than impacting the substrate affinity (SI Appendix, Fig. S4 ). Adjusting the positioning of the LOV2 domain in the linker had the most pronounced effects when the C-terminal side that connected the LOV2 to caspase-3 was altered. The in vitro results suggest that a longer linker is needed C-terminally to correctly associate the Jα helix to the LOV2 core domain in the dark state. Potentially, having a shorter linker does not allow complete association and folding of the Jα helix, leading to a Caspase-LOV that is more likely to be active in the dark. (C) Quantification of degeneration of cell bodies, axons, and dendrites. "Healthy" (black) signifies a morphologically healthy cell part, weak damage (blue) signifies a cell part that is starting to fragment or bleb, severe damage (green) signifies a cell part that has significant fragmentation or blebbing but has not been cleared, and removed (orange) signifies a cell part that has been cleared. The control fly is a fly with MN1-GAL4 driving CD8GFP, but not expressing Caspase-LOV. (Numbers of neurons counted for each condition: control n = 198, dark n = 379, 6 h n = 54, 12 h n = 46, 18 h n = 29, 24 h n = 29, and 28 h n = 28.) (D) Synapses at muscle one neuromuscular junction expressing N7/C-2 Caspase-LOV and CD8GFP with the MN1-GAL4 driver. Green is anti-GFP staining the neurons containing Caspase-LOV, and magenta is anti-dlg marking the postsynapse. (Scale bars: 10 μm.)
Although altering the placement of the LOV2 within the caspase-3 intersubunit linker helped decrease the activity of the Caspase-LOV in the dark, the fold change between the on-and off-state is still orders of magnitude smaller than the fold change between active caspase-3 and inactive zymogen (10 7 -fold difference) (49) . The dark-locked C450A mutated Caspase-LOV does cause a threefold further drop in activity compared with the same Caspase-LOV variant without the mutation. This suggests that there could be some ambient light activation during the spectrophotometric enzyme activity assay so that the light-to-dark ratio is probably larger than measured. The remaining activity of the Caspase-LOV in the dark is likely due to either the LOV2 dark state not being tight enough to prevent the caspase from folding into the active state, or could be caused by dynamic movement of the LOV2 domain between on and off conformations in the dark. We attempted to preemptively minimize the later issue by introducing known stabilizing mutations in the LOV2 domain (G528A and N538E) (25) . We believe further improvements could be made to the Caspase-LOV to further reduce the dark activity by additional stabilization of the LOV2 and, perhaps, engineering the interface between the LOV2 and caspase-3 domains.
Despite some caspase activity in the dark state, the Caspase-LOV was remarkably well tolerated in larvae and adult flies in the dark. This could reflect greater suppression of low levels of the caspase in tissues and less ambient activation. The dark activity we did see was the greatest in the N7/C-2 variant, which is not what we predicted from our in vitro results. This suggests that the in vitro results can not completely predict the biological response to the proteins and highlights the value of further exploration of the effects of different levels of caspase activity in vivo. We will note, that the levels of caspase activity in the dark could impact experiments, especially on older animals where we saw the greatest effects of caspase activity in the dark. Depending on the experiment, this could be alleviated by using a different Caspase-LOV variant or by expressing the Caspase-LOV in a Diap1 overexpression background, which reduces the rate of death in the dark while maintaining death in the light (Fig. 7B) .
In designing the light-activated caspase-3, we studied previous work that constructed a light-activated caspase-7 (LOV-casp7) by an entirely different rationale (50) . The investigators replaced the prodomain in caspase-7 with the LOV2 protein and observed about a twofold light activation in HeLa cells that were transiently transfected with the construct. The investigators proposed activation occurs by release of steric inhibition allowing exposure of the intersubunit linker, autoprocessing, and activation. Interestingly, Bcl2 overexpression in cells inhibited the photoactivation, suggesting activation required support from the intrinsic pathway, presumably by caspase-9 cleaving the intersubunit linker of LOV-casp7. This would also be consistent with their observation that cellular activation of apoptosis occurred within an hour, whereas cleavage of a large synthetic protein substrate in vitro occurred much slower over 24 h. Given the mild activation effects, the high dark apoptotic activity, and the dependence on the intrinsic apoptotic machinery, we felt the system was not an optimal starting point to develop a Caspase-LOV for animal experiments that we sought here.
Physiological Effects of Caspase-LOV in Vivo. Caspase-LOV lets us control the amount, location, and length of time of caspase-3 activation in cells in an organism in vivo through light. Additionally, since the Caspase-LOV activation does not depend on the endogenous fly caspases or apoptotic machinery, virtually all of the phenotypic response is under illumination control and not positive feedback from the fly's apoptotic system, which can vary by cell type.
Recent studies on anastasis, the recovery of a cell from significant caspase expression, suggest that many cells can survive transient caspase expression and proliferate in an animal (51, 52) . Indeed, we find when flies expressing Caspase-LOV in their motor neurons were transiently exposed to light (24 h) and then returned to the dark, they showed a transient recovery of motor behavior (Fig. 6 ). Additionally, flies are able to handle the small amount of caspase activity in the dark for an extended period.
Caspases have also been shown to become activated transiently in noncell death processes in neurobiology including: selective pruning of dendritic branches in postmitotic neurons, the modulation of axon guidance in developing neurons, a role during long-term synapse depression and elimination, and other developmental roles (52) (53) (54) (55) (56) (57) . A number of studies have Fig. 9 . Time course of degeneration of dendritic arborizing sensory neurons in Drosophila larva. (A) Representative images of larva expressing GFP and N7/C-2 Caspase-LOV in class iv da sensory neurons using PPKtdGFP and PPKGAL4 in the dark and grown on apple plates in the light for different amounts of time prethird instar stage when they were dissected and stained. (B) Representative images of sensory neuron synapses into the ventral nerve cord of larva expressing GFP and N7/C-2 Caspase-LOV in class iv da sensory neurons using PPKtdGFP and PPKGAL4 in the dark and light. (Scale bars: 20 μm.) (C) The average total dendrite branch length of neurons from larva with no caspase expression (control), kept in the dark, or in varying amounts of light, calculated using simple neurite tracer in FIJI with tracing through early blebbing branches unless the branch was severed or completely disrupted. The number of neurons traced for each: control n = 4, dark n = 4, 3 h light n = 7, 6 h light n = 7, 8 h light n = 12, and 10 h light n = 11. All error bars reflect the SEM, and a multiple comparisons test revealed no significant difference between control, dark, and 3 h (P = 0.9725 for control vs. dark, 0.6079 for control vs. 3 h, and 0.9724 for dark vs. 3 h). All other time points were significantly different from dark (P = 0.0068 for dark vs. 6 h, and P < 0.0001 for dark vs. 8 h and 10 h).
proposed that the apoptotic action of caspases is controlled either through local or temporal activation of caspases. A major hurdle in the study of nonapoptotic caspase signaling, particularly in postmitotic neurons, is the ability to precisely manipulate caspase activity. The light-activated control of caspase-3 activity in an animal allows us to control the temporal effect of caspase activation in vivo. We can express the caspase in an inactive state in cells so it can reach all compartments of a neuron and then activate it synchronously across compartments. When we look at two different neuronal cell types, sensory and motor neurons, we see that the sensory neurons degenerate much faster than the motor neurons. Since two different GAL4 drivers were used to express the UAS > Caspase-LOV in each of these cell types, we cannot conclusively say that the rates of degeneration were due to the response of caspase expression in each of the cell types. However, since the expression of Caspase-LOV was throughout the neurons (SI Appendix, Fig. S6 ), we can compare the effects of caspase expression in different compartments between these two cells. When Caspase-LOV is expressed globally in all compartments of the da sensory neurons, the axons, synapses, and dendrites all degenerate at the same rate. When the Caspase-LOV is expressed in motor neurons in all compartments, the axons, dendrites, and cell bodies all degenerate at roughly the same rate, but the synapses remain. During neuromuscular degenerative disease, the synapse is one of the first locations to undergo degeneration (for review, see ref. 58) . If degeneration of the neuromuscular junction during disease is driven by caspase activation (59), then it seems likely that there must be localized activation of the caspase at that site. Since we saw a slower degeneration at synapses of the motor neuron with synchronous global activity, this suggests that the degenerative effects of neuromuscular diseases are due to local rather than global caspase expression.
Although we believe additional improvements are worthy to suppress the dark activity, there are many potential uses for the Caspase-LOV beyond those shown here. It may be applied broadly to different cell types to determine what level of activation is required to impact their cell fate both in the adult and in development. One could observe how normal cells respond when a neighboring cell undergoes apoptosis. One could also precisely ablate specific cells that do not yet have cell typespecific GAL4 expression lines. In addition, having a caspase that is controllable temporally and spatially not only allows us to study the role of caspase activation within an individual cell or cell type, but also allows us to define the sequence of cell biological events that occur, in vivo, following caspase activation. It may also be possible to produce light-activated derivatives of specific endogenous caspases to better understand their roles. Finally, this technique could allow one to study the role of individual neurons or groups of neurons within a circuit in a way that should not cause collateral damage to surrounding cells.
Methods
Cloning. All cloning was performed with standard cloning procedures. See SI Appendix for details and plasmid sequences.
Rosetta Modeling. All simulations were done using Rosetta revision 51511 (30, 31) . See SI Appendix for details.
Recombinant Expression and Purification. The expression and purification procedure was adapted from ref. 60 . See SI Appendix for details.
LED Plate. A 48-LED array was designed to illuminate one-half of a 96-well plate for the in vitro kinetic assays. Super Bright Blue 5-mm LEDs (Adafruit) were arranged in 12 series of four parallel LEDs on a Grid-Style PC board (RadioShack) with a BuckPuck DC LED Driver (LED Supply) and a low-pass filter. To connect to AC power, a Universal AC Adapter (Hausbell) was used. The LED plate was then attached to a black-sided clear bottom 96-well plate to direct the light of one LED into each 96-well and prevent side-scattered light. The power of the plate 1 cm away from LED is 5 mW. SI Appendix for circuit diagram.
In Vitro Kinetics Assay. Assay adapted from ref. 40 . Caspases with extended intersubunit linkers were diluted to 20 nM in caspase activity buffer (50 mM Hepes 7.4, 50 mM KCl, 0.1 mM EDTA, 10 mM DTT, 0.1% CHAPS) to 45 uL in a 96-well clear bottom plate (COSTAR 3915). The lower 48 wells were covered with a foil seal, and the whole plate was left in the dark at room temperature for 30 min. The following steps are all done in very dim light. After incubation, the plate was placed on a plate shaker and the LED plate array was placed to illuminate the top 48 wells for 10 min. After 10 min, 5 μL of DEVD-afc substrate was added to each well (piercing the foil for the dark condition), agitated briefly on the plate shaker, and then immediately placed into the Spectramax M5 to measure afc absorbance. Readings were taken every 20 s for 10 min. The DEVD-afc substrate concentration was varied across the 12 columns in 1:2 dilutions starting from a concentration of 400 μM. The fluorescence readings were analyzed by determining the initial rate. The Caspase-LOV variants were assayed identically except the initial protein concentration was 5 nM.
Absorbance Assay. Caspases were diluted to 5 uM in caspase activity buffer without DTT or CHAPS (50 mM Hepes 7.4, 50 mM KCl, 0.1 mM EDTA) to a total volume of 200 μL and put into a clear UV 96-well plate (COSTAR 3635). The proteins were incubated at room temperature for 10-15 min in the dark and then illuminated for 2 min under the LED plate. They were then immediately placed into the TECAN plate reader, and 450-nm absorbance was read every 7 s for 5 min.
Larval Immunohistochemistry. Wandering third-instar larvae were dissected and stained according to standard procedures (61) . Larvae exposed to light were exposed 9 inches below a fluorescent lamp (power 1.6 mW, 488 nm; 1.8 mW, 470 nm) on an agar plate with a small amount of thin yeast paste at room temperature (21-22°C). The dark controls were also kept on apple plates, but wrapped in foil at room temperature (21-22°C). Larvae were mounted on slides with Vectashield (VectorLabs) and kept at 4°C until imaging. For antibody information and imaging, see SI Appendix.
Cryosectioning. Cryosectioning procedure was adapted from ref. 62 . See SI Appendix.
Survival and Motor Behavior Assay. For both assays, flies were raised in a vial wrapped in foil and kept in a cabinet in the dark at room temperature (21-22°C). Flies were collected within 24 h of eclosion and put into fresh vials for either the light or dark condition. For the light condition, fly vials were kept 18 inches below a fluorescent lamp (power 1.2 mW, 488 nm; 1.2 mW, 470 nm), the dark condition flies were also kept under the lamp but in foilwrapped vials and covered with a box lid to keep a consistent temperature but prevent light from entering the vials. Fly survival was recorded every 1-3 d, and flies were flipped into fresh vials every 3-4 d. For the motor behavior assay, flies were kept in identical conditions, but exactly 10 flies were put into every vial. On the day or hour of testing, the vial was marked with a line 3 cm above the food line. The vial was then banged with mild force on a padded surface, and the number of flies to cross the 3-cm line in 90 s was recorded. This was converted into a ratio of flies to successfully cross the line. Each vial of 10 flies was tested three to five times at each time period with at least a 2-min rest between trials. In the case that a fly would die in a vial before the experiment time was finished, that fly was considered to not cross the line and included in the total ratio. MN1 Scoring. Larval pelts were mounted on glass slides with vectashield. Each slide was blinded. Each compartment (cell body, dendrite, axon) of each neuron was scored and recorded using the following guidelines: A cell body was considered to have "weak damage" if it was starting to bleb, "severe damage" if it had a lot of blebbing or was breaking down, and "removed" if it had been removed. An axon was considered to have weak damage if it was starting to bead and fragment, severe damage if it had significant fragmentation, and removed if it had been removed or was mostly removed. Dendrites were considered to have weak damage if they were beginning to bead, severe damage if they were fragmented, and removed if they had been removed or were mostly removed. The analysis was done under a fluorescent microscope rather than with images to more easily see Z layers.
Da Neurite Tracing. Dendrites were traced using the FIJI simple neurite tracer. Each dendrite was started at the cell body, and each branch was traced to the terminal. If the branches were slightly beaded but not broken, they were traced through and counted as the total dendrite length. If the branch was severed then it was not traced through.
